A delay in liver regeneration after partial hepatectomy (PHx) leads to acute liver injury, and such delays are frequently observed in aged patients. BubR1 (budding uninhibited by benzimidazole-related 1) controls chromosome mitotic segregation through the spindle assembly checkpoint, and BubR1 downregulation promotes aging-associated phenotypes. In this study we investigated the effects of BubR1 insufficiency on liver regeneration in mice. Low-BubR1-expressing mutant (BubR1 L/L ) mice had a delayed recovery of the liver weight-to-body weight ratio and increased liver deviation enzyme levels after PHx.
Scientific RepoRts | 6:32399 | DOI: 10.1038/srep32399 resections or liver injury 8, 9 . After partial hepatectomy (PHx), most of the quiescent hepatocytes (95% in young and 75% in old rats) rapidly enter the cell cycle 8 . In the mouse liver, peak DNA synthesis occurs at about 36-44 h after PHx, and DNA synthesis is synchronously initiated in hepatocytes 8, 10, 11 . When DNA synthesis is impaired, hepatic regeneration is also impaired 12, 13 . Most of the increase in liver mass occurs within 3 days after PHx and the remnant liver regenerates to a size equivalent to the original volume within 5-7 days 14 . In animal models, hepatocytes are directly damaged and thereby induced to undergo necrosis or apoptosis to eliminate damaged cells after PHx 15 . Hepatocyte proliferation is initiated by several growth factors or cytokines during liver regeneration that occurs after massive hepatocyte necrosis or apoptosis 16 . The liver architecture during regeneration after PHx is significantly changed, and this change impacts liver function. Intra-and inter-cellular junctions temporarily change during regeneration following PHx and reformation of the normal liver architecture occurs only after the original volume is restored. The mechanisms that regulate the reorganization of the liver architecture are not well understood 10 . Liver regeneration is a series of physio-pathological phenomena that allow recovery of damaged tissue and prevent liver failure 17 . Impairment of liver regeneration is a critical problem for aged patients with liver diseases after surgical resection and PHx because their liver does not have the ability to regenerate physically and functionally. In the clinical setting, impairment of liver regeneration leads to liver dysfunction, which can worsen or affect the patient's general condition and their postoperative prognosis. The operative mortality rate for patients after major hepatectomy increased incrementally with age 18 . Aging impairs liver regeneration and there is a reduced rate of hepatocyte proliferation following resection 19 . However, the mechanism of impaired regenerative capacity in the aged liver has not been fully elucidated.
A previous study suggests that BubR1 insufficiency causes early onset of aging-associated phenotypes 3 , but the physiological relevance of BubR1 to liver regeneration and/or the effects of BubR1 on liver architecture remain unclear. The purpose of this study is to investigate the effects of BubR1 insufficiency on liver regeneration and its architecture using BubR1 low-expression mice.
Results
BubR1 mRNA expression in liver regeneration after partial hepatectomy. BubR1 mRNA expression levels in the liver are shown in Fig. 1A ,B,C. In BubR1 L/L mice, BubR1 mRNA expression was significantly lower (0.11 ± 0.09, P < 0.01) than that of BubR1 +/+ mice (1.00 ± 0.67; Fig. 1A ). BubR1 expression (0.62 ± 0.26, P < 0.05) was significantly decreased in aged mice compared with young mice (1.00 ± 0.26; Fig. 1B The LW/BW was compared in BubR1 +/+ and BubR1 L/L mice (Fig. 1D) , and in young and aged mice (Fig. 1E) . In all groups, LW/BW was significantly decreased 12 h after PHx. LW/BW was significantly lower in BubR1 L/L mice (0.025 ± 0.006, P < 0.05) compared with BubR1 +/+ mice (0.034 ± 0.006) 48 h after PHx (Fig. 1D) , and significantly lower in aged mice (0.033 ± 0.002, P < 0.05) compared with young mice (0.037 ± 0.001) 144 h after PHx (Fig. 1E) . The delay in liver regeneration did not cause significant change in mortality between BubR1 +/+ and BubR1 L/L mice at any time point after PHx.
Biochemical analysis during liver regeneration. Tables 1 and 2 +/+ mice. The effect of aging on liver dysfunction after PHx was also examined, and levels of plasma AST, ALT and LDH 24-48 h after PHx were significantly greater in aged mice compared with those in young mice (Table 2) .
BubR1 insufficiency caused an abnormal cell-cycle progression in hepatocyte after partial hepatectomy. To investigate the underlying mechanisms of impaired liver regeneration in BubR1 L/L mice, we examined alterations of proliferation markers after PHx ( Fig. 2A,B) . In BubR1 +/+ mice, the number of PCNA-positive hepatocytes (185.7 ± 63.5 vs. 1.69 ± 2.16, P < 0.01) and those undergoing mitosis (16.9 ± 10.7 vs. 2.59 ± 5.80, P < 0.05) significantly increased 48 h after PHx compared with those 12 h after PHx. Such increases of both values were not observed in BubR1 L/L mice (PCNA, 54.3 ± 56.7; mitosis, 2.0 ± 2.9). Figure 2C shows representative PCNA-stained liver sections from BubR1 L/L and BubR1 +/+ mice at 12, 24, 48, 96, and 144 h after PHx. The peak of hepatocyte proliferation is observed 48 h after PHx in normal mice 20 . Slow progression of hepatocyte proliferation was evident in BubR1 L/L mice 48 h after PHx and thereafter. Based on reduced hepatocyte proliferation, we also investigated cyclin-D, cyclin-E, cyclin-A and cyclin-B mRNA expression levels (Fig. 2D) cyclin-B mRNA expression showed remarkable increases 48 h after PHx, and rapidly decreases 96 h after PHx. Cyclin-B mRNA expression was significantly attenuated in BubR1 L/L mice (5.6 ± 4.6, P < 0.05) compared with BubR1 +/+ mice (21.3 ± 12.5) 48 h after PHx. These low expression levels continued up to 144 h after PHx without a rapid decrease. Similar patterns were observed in the expression of cyclin-A. Cyclin-E mRNA expression was significantly higher in BubR1 L/L mice (1.4 ± 0.4, P < 0.05) compared with BubR1 +/+ mice (0.8 ± 0.4) 24 h after PHx. We also examined the expression of a CDK inhibitor, p21 (Fig. 2E) . In BubR1 L/L mice, p21 mRNA expression (3.51 ± 1.51, P < 0.05) was significantly higher than that in BubR1 +/+ mice (1.74 ± 0.76) 24 h after PHx. We also examined the mRNA expression of p16 INK4a , another CDK inhibitor, because it is reported that down-regulation of BubR1 causes up-regulation of p16
INK4a expression and induces cellular senescence 4, 5 . In our study, however, p16
INK4a mRNA expression was too low to detect in mice (data not shown). Moreover, we analyzed levels of HGF that is known to play an important role in driving liver regeneration 21 . There was no significant difference in the level of liver HGF between BubR1 +/+ and BubR1 L/L mice (Fig. 2F ).
BubR1 insufficiency increases hepatocyte necrosis accompanied with intercalated disc abnormality. There were no detectable differences in liver histology between intact BubR1
L/L mice, focal hepatic necrosis was observed 12-96 h after PHx and the number of necrotic foci in the liver tissue of BubR1 L/L mice (2.95 ± 1.11, P < 0.01) was significantly higher than in the BubR1 +/+ mice (0.23 ± 0.61; Fig. 3A ) at 24 h after PHx. Also the necrotic area in BubR1 L/L mice (0.016 ± 0.005, P < 0.05) was significantly larger than that in BubR1 +/+ mice (0.010 ± 0.004; Fig. 3B ) at 24 h after PHx. The necrotic area in BubR1 L/L mice was greatest at 24 h and then gradually decreased. The necrotic foci scattered in liver lobule and it was characterized by necrotic hepatocytes and dilation of perisinusoidal spaces with hemorrhage (Fig. 3C,D) . Figure 3E shows transmission electron microphotographs of hepatic tissue obtained from BubR1 +/+ (panels a1 and a2) and BubR1 L/L mice (panels b1 and b2) 12 h after PHx. Compared with BubR1
mice showed wider intercellular spaces. Observation at higher magnification revealed a wider perisinusoidal space containing atrophic microvilli and dispatched IDs (white arrows) in the hepatic tissue of BubR1 L/L mice (panel b2). In addition, hepatocyte mitochondria were severely swollen and electron-lucent. In BubR1 L/L mice 12 h after PHx, the number of damaged hepatocytes was higher than in BubR1 +/+ mice, and these features were not observed in BubR1 L/L mice without PHx (data not shown). These histopathological findings suggest that in BubR1 L/L mice, abnormal structural intercellular alterations are accompanied by hepatocyte necrosis after PHx.
Effects of low BubR1 expression on desmocollin-1 expression.
To investigate a possible mechanism of liver injury and impaired liver regeneration, we studied the effect of low BubR1 expression on desmocollin-1 (DSC1) expression in mouse liver tissue and HaCaT cells. Immunohistochemical examination revealed that DSC1 expression in the liver was attenuated after PHx in BubR1 L/L mice compared with BubR1 +/+ mice (Fig. 4A) . Western blot analysis of the liver extracts also revealed that in BubR1 L/L mice, DSC1 protein expression (0.36 ± 0.18, P < 0.05) was significantly decreased 24 h after PHx compared with BubR1 +/+ mice (0.78 ± 0.26) (Fig. 4B) . We then examined the effect of BubR1 siRNA on DSC1 expression in HaCaT cells. BubR1 expression was significantly decreased 24 and 48 h after transfection (siRNA(+ ) vs. siRNA(− ) at 24 h; 0.21 ± 0.03 vs. 1.00 ± 0.19, P < 0.01, and at 48 h; 0.16 ± 0.05 vs. 0.89 ± 0.25, P < 0.01; Fig. 5A ). DSC1 mRNA expression was also attenuated and significantly inhibited 48 h after transfection (siRNA(+ ) vs. siRNA(− ); 1.19 ± 0.39 vs. 3.16 ± 0.89, P < 0.01; Fig. 5B ). These results suggest that BubR1 regulates DSC1 expression in hepatocytes. To demonstrate the effect of BubR1 on junction formation in HaCaT cells treated with BubR1 siRNA and control siRNA, we performed confocal laser scanning microscopy analysis using combined BubR1/DSC1/DNA staining. Figure 5C shows confocal laser microphotographs of HaCaT cells treated with control siRNA (panels a1, a2, a3, and a4) and BubR1 siRNA (panels b1, b2, b3, and b4) 48 h after siRNA treatment. Panels a2 and a3 show a positive correlation between the expressions of BubR1 and DSC1. White arrows indicate high expressions of BubR1 and DSC1 in parallel (panels a2, a3, and a4). Yellow arrows indicate low expressions of BubR1 and DSC1 in parallel (panels a2, a3, a4, b2, b3, and b4). Compared with control siRNA-transfected cells (panel a3), BubR1 siRNA-transfected cells (panel b3) had a smaller number of red dot structures, which indicate desmosome junctions between cells (orange arrows). These confocal laser scanning microscopy findings suggest that BubR1 expression could be correlated with DSC1 expression and could therefore affect desmosome junction formation.
Discussion
Aging delays liver regeneration after hepatectomy leading to postoperative liver failure and worsening general condition, which critically affect the patient's prognosis. Although this phenomenon was reported over 50 years ago, the molecular mechanism for the loss of regenerative capacity in aged livers has not been fully elucidated 22 . Our novel findings in this study are summarized as follows: (1) BubR1 insufficiency delays liver regeneration after PHx possibly because of transient impairment of G1-S cell cycle progression; (2) microscopic observation of BubR1
L/L mice liver shows increased necrotic hepatocytes. Transmission electron microphotographs of hepatic tissue also show increased necrotic hepatocytes accompanied by intercalated disc (ID) abnormality; and (3) we demonstrated, for the first time, that BubR1 controls expression of DSC1, a transmembrane cell adhesion protein in desmosomes. The increase in levels of DSC1, which is expressed in the desmosome, was suppressed in BubR1 L/L mice liver after PHx. In addition, down-regulation of BubR1 expression with siRNA reduced DSC1 expression in HaCaT cells. These findings provide evidence for a possible molecular mechanism by which aging impairs liver regeneration after hepatectomy.
BubR1 is a key molecule in the spindle assembly checkpoint during mitosis 1 . Previous studies demonstrated that BubR1 insufficiency in mice caused phenotypic changes that are similar to those found in aging mice [3] [4] [5] [6] . At the early stage (48 h after PHx) of the liver regeneration, BubR1 mRNA expression was significantly increased in In addition, hepatocyte mitochondria were severely swollen and electron-lucent. Nucl, nucleus; MV, microvilli; Mt, mitochondria; white arrows, intercalated disc. Scale bars: 5 μ m in panels a1 and b1; 1 μ m in panels a2 and b2.
WT mice (BubR1 +/+ ), suggesting that BubR1 is an important molecule involved in this process. Regeneration assessed by the increased LW/BW after PHx indicates impaired liver regeneration in BubR1 L/L mice. Aged WT mice also showed impaired liver regeneration, and we observed that BubR1 expression in intact liver significantly decreased in aged mice compared with young mice. These observations indicate that transient delayed liver regeneration after hepatectomy is associated with reduced BubR1 expression. Other factors, such as changes in EGF and FoxM1B expression, may also affect sustained delayed liver regeneration in aged mice 19 . It was previously observed in the senescent liver that activity of ALT, AST, and all types of bilirubin was increased in the (Fig. 1D, Table 1 ). Thus, our results suggest that age-related inhibition of liver regeneration may be attributed to the reduction in BubR1 expression 17, 24, 25 . Hepatocytes are normally quiescent cells. The initiation of hepatocyte proliferation or liver regeneration after hepatectomy requires activation of the mitogenic genes and repression of genes responsible for inhibiting hepatocyte proliferation 26 . Fewer hepatocytes in older animals and humans enter the S-phase after partial hepatectomy compared with younger subjects 19 . In mice, a sharp peak of hepatocyte proliferation is usually observed at 48 h post-PHx 20 , but such steep increase and decrease were not observed in BubR1 L/L mice. Instead, a few cells initiated proliferation and mitosis 48 h after PHx, and continued to proliferate up to 144 h. These findings suggest that hepatocyte proliferation after PHx was delayed in BubR1 L/L mice. As a result, delayed cyclin gene expression was observed in hepatectomized BubR1 L/L mice. Comparison of cyclin-D expression patterns in BubR1 +/+ and BubR1 L/L mice revealed an apparent delay in cyclin-D induction after PHx in BubR1 L/L mice. Increased cyclin-D and -E expression levels accelerate the G1/S phase transition 27 . At 24 h after PHx, cyclin-D and -E expression levels in BubR1 L/L mice were higher than those in BubR1 +/+ mice, suggesting that G1/S phase cells may accumulate in BubR1 L/L mice. Cyclin-A and -B expression levels increase in late S phase and peak in G2 of normal cells 28 . While cyclin-A and -B peak expression levels were observed at 48 h after PHx in BubR1 +/+ mice, moderate cyclin-A and -B expression was induced at 48 h after PHx in BubR1 L/L mice, and remained constant up to 144 h. These patterns are the same as those of the mitotic and PCNA-positive indices hepatocytes in hepatectomized BubR1 L/L mice. These results suggested that fewer proliferating hepatocytes may result from a delay in cell cycle progression in 
BubR1
L/L mouse hepatocytes. We also found that p21 expression was higher in BubR1 L/L than BubR1 +/+ mice at 24 h post-PHx. p21 is a CDK inhibitor that hampers the activity of cyclin-E/CDK2 and cyclin-D/CDK4/6 complexes 29 . Therefore, our results suggest that arrest and/or delay of cell cycle progression from G1 to S phase occurred in hepatocytes in the partially hepatectomized BubR1 L/L mice. Several studies demonstrate that p21 plays a key role during liver regeneration, such as in the acute liver injury model 30 and in the extended hepatectomy model 20 . Moreover, there was no difference in the HGF protein levels in BubR1 +/+ mice and BubR1 L/L mice. This fact suggests that both types of mice received equivalent levels of stimulation of cell proliferation. Therefore these studies demonstrated up-regulation of p21 accompanied by a delay in cell cycle progression, which is consistent with our results in BubR1 L/L mice. Microscopic observation revealed that after PHx, necrosis but not apoptosis of hepatocytes was strongly induced in BubR1 L/L mice compared with BubR1 +/+ mice. These observations were consistent with biochemical analysis of blood in BubR1 L/L mice. The activities of ALT, AST and all types of bilirubin were increased in partially hepatectomized BubR1 L/L mice. Such increases are observed in the clinical condition when liver regeneration is impaired in the patients after PHx. In the regenerating liver, epithelial cells require physical contact with extracellular matrix to avoid the detachment induced cell death (DICD) of hepatocytes. After PHx, the reconstitution of a perisinusoidal extracellular matrix stabilizes the newly formed hepatocyte population. Thus, necrosis that is observed in partially hepatectomized BubR1 L/L mice might be the result of excessive DICD caused by failure of perisinusoidal extracellular matrix reconstitution.
Morphological analysis of livers from BubR1 L/L mice demonstrated a widened interhepatocyte space, shrinking hepatocytes, a widened perisinusoidal space and atrophy of microvilli in the early stages after PHx, suggesting that partial microstructure failure results from a weak adaptation to changed microcirculatory flow by PHx in BubR1 L/L mice. Hepatocytes connect via intercellular junctions called IDs to form liver cell plates. IDs are composed of different types of junctional complexes, including gap-junctions made of connexins, tight-and adherens-junctions, and desmosomes. Desmosomes are button-like structures composed of intracellular anchor proteins and transmembrane adhesion proteins. The intracellular anchor proteins play a role in connecting the cytoskeleton to the transmembrane adhesion proteins including desmocollin, a member of the cadherin family. Desmosomes maintain the integrity of cells to resist mechanical stress, and have dynamic structures whose adhesiveness can switch between high and low affinity adhesive states during cell division, thereby participating in fundamental processes such as cell proliferation, differentiation and morphogenesis 31 . Thus, it is possible that the weakened cell attachment observed in the hepatectomized BubR1 L/L mice could be caused by desmosome abnormality. Hepatocyte junctions are made up of multiple components. We evaluated the expressions of occludin (located in tight junctions), E-cadherin (located in adherent junctions), DSC1, and desmoglein in mouse liver. Immunohistochemical analysis revealed that the expressions of occludin, E-cadherin, and desmoglein were not markedly different between BubR1 L/L mice and BubR1 +/+ mice (data not shown). However, the expression of DSC1 was markedly different between control cells and BubR1-reduced cells in vitro and in mouse liver. DSC1, a desmosome transmembrane cell adhesion protein, is highly expressed in the liver 32 . We showed that up-regulation of DSC1 expression after PHx was not observed in BubR1 L/L mice. We also demonstrated that siRNA-mediated down-regulation of BubR1 suppressed DSC1 expression in HaCaT cells, in which it is well known that both DSC1 mRNA and protein are abundant. These results suggest that BubR1 could be a critical regulating factor for DSC1 expression. We suggest that DSC1 could be a target protein which is ubiquitinated by APC/C thereby marking it for degradation by the proteasome. To investigate this hypothesis, we examined DSC1 protein expression under an APC/C inhibitor using western blot analysis. This analysis showed that the APC/C inhibitor upregulated DSC1 expression in the same way as the inhibitor upregulates securin, with which BubR1 directly interacts in vitro and in vivo (data not shown). Consequently, DSC1 may be one of the proteins ubiquitinated by APC/C and, therefore, may be a target of BubR1. However, further research on the relationship between cell cycle checkpoint proteins and junction proteins is needed. The reduced DSC1 level could cause abnormal cell attachment and delay liver regeneration in BubR1 L/L mice. Based on our findings, we propose a possible scenario that occurs after PHx in aged individuals. Hepatectomy induces many stresses, including physical stress and cell division-associated stress. After hepatic resection, portal hypertension occurs because the vascular network in the remnant lobes is reduced despite constant blood flow from the portal vein 33 . The liver cells and liver sinusoidal endothelial cell attachment are affected by these stresses during liver regeneration after hepatectomy 34 , leading to transient DICD and G1 arrest to prevent an excessive DICDs. DSC1 expression also increases, thus leading to reinforcement of desmosomes to maintain cell attachments, which is an important process to prevent massive DICD and anokisis, and thus focal necrosis of hepatocytes. In the case of low BubR1 expression, the increased level of DSC1 expression is not enough to reinforce the desmosome after PHx, leading to increased DICD and anokisis, and thus resulting in hepatocyte focal necrosis. Impairment of cell attachment induces DICD and G1 arrest in a p21-dependent manner 35 . Therefore, the delayed G1/S progression occurs through up-regulation of p21 caused by secondary effects from the failure of DICD reinforcement because of a DSC1 abnormality, rather than via a direct effect of low BubR1 levels. Thus, delayed liver regeneration could occur after PHx in aged patients.
In summary, BubR1 insufficiency causes delayed liver regeneration after partial hepatectomy. BubR1 expression is reduced along with aging. BubR1 insufficiency reduces DSC1 expression in the liver, and thus weakens the microstructural adaptation of the tissue against hepatectomy. BubR1 insufficiency, thus, enhances transient liver failure and injury through the cell cycle delay caused by up-regulation of p21 that results from the weakened microstructural adaptation. Therefore, hepatocyte proliferation is delayed and liver regeneration could be impaired. This work provides new insights into the role of BubR1 in liver regeneration, which may explain worsening liver function after hepatectomy in aged patients.
